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Virtual Assistant Device Arbitration by Time-of-Flight Based on Hotword
ABSTRACT
When multiple devices that support a virtual assistant activated by an activation hotword
are present in a particular location, the virtual assistant can trigger on more than one device when
a user utters the hotword. There is no existing mechanism for accurate device arbitration. This
can cause a device other than the one the user intended (e.g., nearest to the user or most suited to
the command) to respond to the user request, leading to user frustration. This disclosure
describes techniques to determine the relative proximity of each device to a user using audio
propagation time from the user’s utterance of a hotword. The respective proximity of each device
to the user is sent to a device arbitration server, which determines with high accuracy and
effectiveness the particular device that should respond to the user request.
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BACKGROUND
Voice-activated virtual assistants are available on many different types of devices. When
multiple such devices, e.g., Internet-of-Things (IoT) devices, smart home devices, smartphones,
smart speakers, tablets, mobile devices, etc., are present in a home, the virtual assistant can
trigger on more than one device when a user utters an activation hotword. Due to power, clock,

Published by Technical Disclosure Commons, 2021

2

Defensive Publications Series, Art. 4777 [2021]

and hotword limitations, there is no existing mechanism for accurate device arbitration choosing a particular device that responds to the spoken request. It is not uncommon for a device
that the user didn’t intend to address (or is otherwise not best-suited for the task) responds to the
request which can cause user frustration. Disruptively, even devices that are in a different room
from the user providing the request can respond in error.
Sound travels roughly thirty centimeters per millisecond in air. Therefore, sorting devices
by time of hotword arrival requires a common time base with millisecond accuracy or better,
presuming device separations of tens of centimeters or more. Vocal frequencies have wavelength
longer than one millisecond, precluding the use of impulse onset, and shorter than room length,
precluding the use of phase offset.

Fig. 1: Hotword detection is offloaded to an always-on DSP/ML chip, such that the main
CPU wakes only upon hotword detection
Further, due to clock drifts and due to uncertain latencies in their processing chains,
consumer-grade devices may not support a common time base of accuracy better than ten
milliseconds. For example, Fig. 1 illustrates a typical arrangement in such devices. Hotword
detection is typically offloaded to an always-on digital signal processor (DSP) or machinelearning (ML) module. This allows the main CPU, also known as system-on-chip (SoC), to
remain in a sleep (low-powered) state until the hotword is detected by the DSP/ML.
The hotword audio is uploaded to the SoC via a sideband channel, which wakes the SoC.
Upon waking, the DSP streams live audio or ASR (automatic speech recognition) data to the
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SoC. The sideband audio (which includes the hotword) does not have a clear timestamp since the
SoC isn’t awake while the audio is being sampled. Also, there may be a small, unknown time
offset between the DSP and the SoC. The DSP also buffers and transmits to the SoC audio
received after the hotword and before the SoC is awake to ensure that the SoC does not miss any
part of the user request uttered immediately after the hotword.
Audio time-of-flight has been used in applications such as beamforming, sonar, gunfire
locators, etc., to determine the location of sound sources. In such applications, a highly accurate,
synchronized reference clock is available across multiple microphones.
DESCRIPTION
This disclosure describes techniques to determine the relative proximity of each device to
a user using audio propagation time from the user’s utterance of a hotword. The respective
proximity of each device to the user is sent to a device arbitration server, which determines with
high accuracy the particular device that responds to the user request.

Fig. 2: Determining the distance of a voice assistant to the user
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Fig. 2 illustrates an example method to utilize audio time-of-flight to determine the
distance between a device and the user who voices a hotword to activate a virtual assistant
provided by the device. The illustrated procedure can be advantageously executed on-device,
e.g., independently at each device that supports virtual assistant activation via the hotword.
Detect instant of receipt of hotword (202)

Fig. 3: Visualizations of a received hotword
Fig. 3 illustrates waveform visualizations of an example hotword (“OK, listen up,” 300).
Three instances of the hotword as voiced by the user are illustrated in the form of spectrograms
(302a-c) and time-series (304a-c). A spectrogram is a three-dimensional plot of frequency
content versus time (the third dimension is color, blue being low-energy, red being intermediate
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energy, and white being high energy). A time-series is a plot of sound pressure versus time. As
illustrated, in all instances (a, b, c) of the spoken hotword, a certain plosive (“kay”) in the
keyword has a distinct feature in the spectrogram, namely a sharp transition from narrow-band
low-energy (306a-c) to wide-band high-energy (308a-c). Such a transition marks the start of the
plosive and can serve as a timestamp marker.
The instant of the receipt of the hotword, also known as the timestamp of the hotword,
can be taken as the instant of the start of a constituent plosive or phoneme (e.g., “kay”). This
timestamp can be determined by applying a high-pass filter to the audio waveform and testing
for the onset of amplitude increase in the high frequencies. Although spectrogram buckets can
sometimes be wider than a threshold time accuracy (e.g., one millisecond), the plosive can be
isolated within the bucket by application of the high-pass filter and by looking for sudden energy
increase in high-frequency components. Doing so marks the hotword accurately in time, e.g.,
provides a one millisecond window of onset, since, as illustrated in Fig. 3, the plosive has a clear
onset at high frequencies in the spectrogram used by the hotword model.
A phoneme-constituent of the hotword can be used to detect the hotword, so long as it
has a distinct feature in its spectrogram that lasts about a millisecond with a clear start and a clear
end. Some examples of suitable phonemes are go, kho, etc.
The described technique of locating a hotword in time by isolating a constituent plosive
can advantageously be executed on-device independently by each device. Alternatively, the
hotword can be localized in time by correlating in pairs audio waveforms received by different
devices. For a correlation-based approach, it is necessary that the devices be able to
communicate waveforms to each other, either on a peer-to-peer basis or through a server.
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Account for differential processing latencies (204)
Hotword detection is typically offloaded to an always-on DSP/ML module, such that the
main SoC is in a sleep (low-powered) state until the hotword is detected by the DSP/ML. The
hotword audio is uploaded to the SoC via a sideband channel, which causes the SoC to awake.
Upon the SoC waking, the DSP streams live audio to the SoC. The sideband audio which
includes the hotword does not have a clear timestamp, as the SoC is not awake while it is being
sampled.
The uncertainty in time between the detection of the hotword by the DSP and the receipt
of live-stream audio by the SoC can be resolved as follows. The sideband audio encompasses all
audio samples until streaming audio is enabled, or a sample count of dropped samples is kept
between the end of the hotword sideband and the start of livestream audio. The timestamp
marker can be calculated via the following equation:
Timestamp marker =

Current time at the SoC −
ASR audio duration −
ASR audio pipeline delay −
Dropped sample count −
Timestamp marker offset from end of hotword
sideband.

In the above equation, ASR audio duration is the length of the hotword as calculated by the DSP.
ASR audio pipeline delay is the time between the wake-interrupt sent by the DSP to the SoC and
the first livestream audio data received by the SoC. The ASR audio pipeline delay is a
characteristic of a given device and can be calculated just once, as it does not change between
runs. The dropped sample count is the number of samples dropped by the DSP if its buffer gets
full prior to the SoC receiving its first livestream audio data. Samples can be dropped if the SoC
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is heavily loaded when the hotword is uttered. The timestamp marker offset is the time between
the detected plosive (e.g., “kay”) and the end of the hotword.
Another source of lack of clock synchronization across devices (aside from uncertainty in
processing latencies) is clock drift, which can be addressed in a manner similar to wireless (e.g.,
WiFi or Bluetooth) multi-room audio. For example, assuming symmetric roundtrip times, a first
device can request time-stamped WiFi/Bluetooth packets from a second device on the network
and determine their mutual time-offset to be the difference between the send time at the first
device and the receive time at the second. One-way propagation delay, negligible for
electromagnetic waves (which travel at the speed of light), can be computed as the average of
send and receive times at the first device after accounting for processing delays at the second
device. Averaging these measurements can produce millisecond accuracy for the purposes of
audio synchronization. Since roundtrip times (radio or electromagnetic) on typical home
networks are well under 10ms, multiple roundtrips can be taken before device arbitration occurs.
Since device arbitration occurs after full ASR, there is a time window available to calculate
relative system clock offsets between devices before the normalized values are used for device
arbitration.
Convert time-of-flight measurement to distance (206)
The distance from the user to a device can be calculated by multiplying the time of flight
by the speed of sound in air. As mentioned earlier, distance is calculated after normalizing the
timestamps to a single clock, given that each device provides its clock offset to every other
device or to a predefined device. While the distance to the first device may not be inferred, the
relative distances between the user and devices can be determined. These are determined by the
respective timestamps that each device provides to the server. Uploading timestamps from the
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devices enables the server to infer distance based on the time difference between the respective
timestamps received from each device.
Upload distance measurement to device arbitration server (208)
A device uploads its shortest time of flight (representative of the distance) of the device
from the user to a device arbitration server (a role that may be performed by a local device or by
a remote server). The device arbitration server can use the relative times of flight of all devices to
determine a particular device to respond to the user. For example, the relative distances can be
used to prioritize devices that are near to the user and to deprioritize faraway devices.
In this manner, the techniques of this disclosure enable the determination of the relative
proximity of each device to a user who voices a hotword to activate a virtual assistant based on
audio propagation time. The relative audio propagation times can be used to effectively arbitrate
between different devices. In particular, disruptive responses, such as a device in another room
incorrectly responding to a hotword voiced by the user can be eliminated. Once the device that
should provide the response has been determined, data used for such determination is discarded.
Further to the descriptions above, a user may be provided with controls allowing the user
to make an election as to both if and when systems, programs, or features described herein may
enable the collection or use of user information (e.g., information about a user’s spoken
commands, a user’s devices and/or device identifiers, a user’s preferences, or a user’s current
location), and if the user is sent content or communications from a server. In addition, certain
data may be treated in one or more ways before it is stored or used so that personally identifiable
information is removed. For example, a user’s identity may be treated so that no personally
identifiable information can be determined for the user, or a user’s geographic location may be
generalized where location information is obtained (such as to a city, ZIP code, or state level) so
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that a particular location of a user cannot be determined. Thus, the user may have control over
what information is collected about the user, how that information is used, and what information
is provided to the user.
CONCLUSION
This disclosure describes techniques to determine the relative proximity of each device to
a user using audio propagation time from the user’s utterance of a hotword. The respective
proximity of each device to the user is sent to a device arbitration server, which determines with
high accuracy and effectiveness the particular device that should respond to the user request.
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